The kinetics of slow-onset inhibition of Proteinase K by a proteinaceous alkaline protease inhibitor (API) from a Streptomyces sp. is presented. The kinetic analysis revealed competitive inhibition of Proteinase K by API with an IC 50 value 5.5±0.5 x 10 -5 M. The progress-curves were time-dependent consistent with a two-step slow-tight binding inhibition. The first step involved a rapid equilibrium for formation of reversible enzyme-inhibitor complex (EI) with K i value 5.2±0.6 x 10 -6 M. The EI complex isomerized to a stable complex (EI*) in the second step due to inhibitor induced conformational changes, with a rate constant k 5 (9.2±1 x 10 -3 s -1 ). The rate of dissociation of EI* (k 6 ) was slower (4.5±0. 
INTRODUCTION

7
nm for alkaline proteases. One protease inhibitor unit was defined as the amount of inhibitor that inhibits one unit of protease activity.
For initial kinetic analysis, the kinetic parameters for the substrate hydrolysis were determined by measuring the initial rate of enzymatic activity. The inhibition constant (K i ) was determined by Dixon (18) and Lineweaver-Burk's method. The K m value was also calculated from the double-reciprocal equation by fitting the data into Microcal Origin. For Lineweaver-Burk's analysis, Proteinase K (1 M) was incubated with API at (1 M) and (2.5 M) and assayed at increased concentration of casein (1-10 mg/ml). In Dixon's method proteolytic activity of Proteinase K (1 M) was measured in the presence of (5 mg/ml) and (10 mg/ml) of casein, at concentrations of API ranging from 1-5 M at 37 C for 30 min. The reciprocals of substrate hydrolysis (1/v) were plotted against the inhibitor concentration and the K i was determined by fitting the data using Microcal Origin.
For the progress curve analysis, assays were carried out in a 1 ml reaction mixture containing enzyme, substrate, and inhibitor at various concentrations. The reaction mixture contained Proteinase K (100 nM) in the required buffer and varying concentrations of API and casein (5 mg/ml). Reaction was initiated by the addition of Proteinase K at 37 C and the release of products was monitored at different time intervals at 280 nm. In each slow-binding inhibition experiment, five to six assays were performed with appropriate blanks. For the kinetic analysis and rate constant determinations, the assays were carried out in triplicates and the average value was considered throughout. Further details of the experiments are given in the respective figure legends.
Evaluation of Kinetic Parameters
Initial rate studies for reversible, competitive inhibition were analyzed as per Equation 1. concentration (19) . The progress curves for the interactions between API and Proteinase K were analyzed using Equation 2 (20, 21).
Where [P] is the product concentration at any time t, v 0 and v s are the initial and final steady-state rates, respectively, and k is the apparent first-order rate constant for the establishment of the final steady-state equilibrium. Corrections have been made for the reduction in the inhibitor concentration that occurs on formation of the enzyme inhibitor (EI) complex. This is because in case of tight binding inhibition, the concentration of EI is not negligible in comparison to the inhibitor concentration and the free inhibitor concentration is not equal to the added concentration of the inhibitor. The corrections of the variation of the steady-state velocity with the inhibitor concentrations were made according to Equation 3 and 4 as described by Morrison and Walsh (22).
Where K i ' = K i * (1 + S/K m ), k 7 rate constant for the product formation, I t and E t stands for total inhibitor and enzyme concentration, respectively.
The relationship between the rate constant of enzymatic reaction k, and the kinetic constants for the association and dissociation of the enzyme and inhibitor was determined as per Equation 5.
The progress curves were analyzed by eqs. 2 and 5 using non-linear least-square parameter minimization to determine the best-fit values with the corrections for the tight binding inhibition. The overall inhibition constant is determined as given by Equation 6 .
For the time-dependent inhibition, there exists a time range in the progress curves wherein formation of EI* is small. Within this time range it is possible to measure the effect of the inhibitor on v 0 , i.e., to measure K i directly. Values for K i were obtained from Dixon analysis at a constant substrate concentration as described in Equation 7.
The rate constant k 6 , for the dissociation of the second enzyme-inhibitor complex was measured directly from the time-dependent inhibition. Concentrated Proteinase K and API were incubated in a reaction mixture to reach equilibrium, followed by large dilutions in assay mixtures containing near-saturating substrate. Proteinase K (1 mM) was pre-incubated with API (500 M) for 30 min in sodium-phosphate buffer, 0.05 M, pH 7.5. 5 l of the pre-incubated sample was removed and diluted 5000-fold in the same buffer and assayed at 50 C using casein at (150 mg/ml) at different time intervals.
Gel Filtration Analysis of the Enzyme-Inhibitor Complexes
The quaternary structure of the enzyme-inhibitor complexes was monitored by size exclusion chromatography on Protein-Pak 300SW HPLC column (7.8 mm x 300 mm) using a Waters liquid chromatograph system. The column was equilibrated with potassium phosphate buffer 0.05 M, pH 7.5 before the analysis. For the formation of enzyme-inhibitor complex Proteinase K (1 mM) was pre-incubated with API (500 M) in sodium-phosphate buffer, 0.05 M, pH 7.5. 5 l of the pre-incubated sample was removed at 30 min and after 60 min and loaded on the system to analyze the conformational changes in the enzymeinhibitor complex. The elution of the complexes was monitored by absorption at 280 nm.
Fluorescence Analysis
Fluorescence measurements were performed on a Perkin-Elmer LS50 Luminescence spectrometer.
Tryptophanyl fluorescence was excited at 295 nm and the emission was recorded from 300-500 nm at 25 C.
The slit widths on both the excitation and emission were set at 5 nm and the spectra were obtained at 50 nm/min. For inhibitor binding studies, Proteinase K (1 M) was dissolved in sodium phosphate buffer, 0.05 M, pH 7.5. Titration of the enzyme with API was performed by adding different concentrations of the inhibitor to a fixed concentration of enzyme solution. For each inhibitor concentration on the titration curve a new enzyme solution was used. All the data on the titration curve were corrected for dilutions and the graphs were smoothened. The magnitude of the rapid fluorescence decrease (F 0 -F) occurring at each API concentration was computer fitted to the Equation 8 , to determine the calculated value of K i and F max (23).
The first order rate constants k obs at each inhibitor concentration [I] were fitted to Equation 9 for the determination of k 5 under the assumption that for a tight binding inhibitor k 6 can be considered negligible at the onset of the slow loss of fluorescence.
Time course of the protein fluorescence following the addition of inhibitor were measured for 10 min with excitation and emission wavelengths fixed at 295 and 335 nm, respectively, with data acquisition at 0.1 s intervals. Corrections for the inner filter effect were performed as described by Equation 10 (24) .
Where F c and F stand for the corrected and measured fluorescence intensities, respectively, and A ex and A em are the absorbances of the solution at the excitation and emission wavelengths, respectively. Background fluorescence from API and buffer were appropriately correctly. 
RESULTS
Kinetic Analysis of the Inhibition of Proteinase K by API
The alkaline protease inhibitor (API) was produced extracellularly by a Streptomyces sp., and has been characterized for its inhibitory activity towards the alkaline proteases (14) . Initial inhibition kinetic assessments revealed that API is a competitive inhibitor of Proteinase K with an IC 50 (concentration of the inhibitor required for 50% inhibition of the enzyme) value of 5.5±0.5 x 10 -5 M (Fig. 1) . The steady-state rate of proteolytic activity of Proteinase K reached rapidly in the absence of API, whereas, in its presence a timedependent decrease in the rate as a function of the inhibitor concentration was observed. The progress curves in the presence of API revealed a time range where the initial rate of reaction was similar to that in the absence of the inhibitor, and does not deviate from linearity ( The apparent rate constant k, derived from the progress curves of Proteinase K when plotted versus the inhibitor concentration followed a biphasic hyperbolic function (Fig. 4) , revealing a fast equilibrium precedes the formation of the final slow dissociating enzyme-inhibitor complex (EI*), indicating two-step, slow-tight inhibition mechanism. Indeed the data could be analyzed with equation 5 by non-linear regression analysis to obtain the best estimate of the overall inhibition constant K i * (2.5±0.3 x 10 -7 M). In case of slow-tight binding inhibitors, since the EI* complex is stable and dissociates slowly, the rate constant k 6 , for the conversion of EI* to EI was determined in an alternative method, by pre-incubating high concentrations of enzyme and inhibitor for sufficient time to allow the system to reach equilibrium. Further, large dilution of the enzymeinhibitor complex into a relatively large volume of assay mixture containing saturating substrate concentration causes dissociation of the enzyme-inhibitor complex and dissociation constant can be determined by the regeneration of enzymatic activity. Under these conditions, v 0 and the effective inhibitor concentration are considered approximately equal to zero and the rate of activity regeneration will provide the k 6 value. The preby guest on September 1, 2017
http://www.jbc.org/ Downloaded from incubated (30 min) mixture of Proteinase K and API was diluted 5,000-fold into the assay mixture containing the substrate at saturating substrate concentration. By least-squares minimization of eq 2 to the data for recovery of enzymatic activity, the determined k 6 value was 4.5±0.5 x 10 -5 s -1 (Fig. 5) , which clearly indicated a very slow dissociation of EI*. The final steady-state rate v s , was determined from the control that was preincubated without the inhibitor. The value of the rate constant k 5 , associated with the isomerization of EI to EI*, was 9.2±1 x 10 -3 s -1 as obtained from fits of eq 3 to the onset of inhibition data using the experimentally determined values of K i and k 6 ( Table-I ). The overall inhibition constant K i * is a function of k 6 /(k 5 + k 6 ) and is equal to the product of K i and this function. The k 6 value indicated a slower rate of dissociation of EI* and the half-life (t 1/2 ) for the reactivation of EI* determined from the k 6 value was 4.27±0.5 h, suggesting higher binding affinity of API towards Proteinase K. When the incubation time was more than 60 min, the inhibitor failed to dissociate from the complex, since there was no recovery in the enzymatic activity (Fig 5) . This observation can be attributed to gross conformational changes in the EI* complex induced leading towards the formation of a conformationally locked irreversible enzyme-inhibitor complex (EI**). To characterize the EI** we have carried out the quaternary structural analysis by gel filtration chromatography on a HPLC The kinetic analysis of Proteinase K inhibition by API revealed a two-step inhibition mechanism, where the EI complex isomerizes to a tightly bound, slow dissociating EI* complex. To investigate and correlate this isomerization to the conformational modes in the Proteinase K due to binding of API, we have analyzed the fluorescence emission spectra of the protease in the presence and absence of the inhibitor.
Proteinase K exhibited an emission maxima ( max ) at 335 nm, as a result of the radiative decay of the -* transition from the Trp residues (Fig. 7A) . The binding of API resulted in a concentration dependent quenching of the fluorescence. Absence of any blue or red shift in max negated drastic gross conformational changes in the three-dimensional structure of the enzyme due to inhibitor binding. Therefore, the fluorescence changes in Proteinase K due to API binding can be correlated to localized conformational changes in the protease. The subtle conformational changes induced during the isomerization of EI to EI* were monitored by analyzing the tryptophanyl fluorescence of the complexes as a function of time. Binding of API resulted in an exponential decay of the fluorescence intensity as indicated by a sharp decrease in the quantum yield of fluorescence followed by a slower decline to a stable value (Fig. 7B) . Further, titration of API against Proteinase K revealed that the magnitude of the initial rapid fluorescence loss (F 0 -F) increased hyperbolically ( Fig. 7C) , which corroborated the two-step slow tight binding inhibition of Proteinase K by API. From the data in figure 7 , the magnitude of the rapid fluorescence decrease at a specific API concentration was found to be close to the total fluorescence quenching, indicating that the EI and EI* complexes have the same intrinsic fluorescence. The K i value determined for the magnitude of the rapid fluorescence decrease (F 0 -F) was 5.8 ± 0.6 x 10 -5 M and the k 5 value determined from the data derived from the slow decrease in fluorescence was 9.5 ± 1 x 10 -3 s -1 . These rate constants are in agreement with that obtained from the kinetic analysis, therefore, the initial rapid fluorescence decrease can be correlated to the formation of the reversible complex EI, while the slow, time dependent decrease reflected the accumulation of the tight bound slow dissociating complex EI*. The conformational modes observed in the EI* complex were found to be time dependent. After 60 min the fluorescence spectra of EI* revealed a shift in max indicating induction of gross conformational changes in the enzyme ( Figure 7D ). To examine whether the inhibitor can be released from the EI* after 60 min, the complex was allowed to dissociate. However, it failed to release the inhibitor, which revealed that the complex has undergone irreversible conformational changes induced by the interaction of the inhibitor. These observations revealed that the slow-tight binding EI* complex can release the inhibitor only when the complex has undergone the subtle conformational changes, however once the inhibitor is bound to the enzyme for a longer time, the complex changes into a conformationally locked complex (EI**).
Effect of API Binding on the IAF Fluorescence of Proteinase K
The Cys73 present in close proximity of the catalytic triad of Proteinase K has been exploited to probe the interaction of API with the active site residues by chemoaffinity labeling. We have differentially This revealed that API binds to the active site of the enzyme and the interference in the electronic environment of the active site residues of Proteinase K is due to the interaction of the reactive site residue of API resulting in the quenching of the fluorescence. 
DISCUSSION
We present the first report of a slow-tight binding proteinaceous inhibitor (API) of the alkaline protease Proteinase K. API showed high potency against Proteinase K and its interaction with the enzyme indicated its "tight-binding" nature. The two-step inhibition mechanism was corroborated by the equilibrium binding studies and by the correlation of the kinetic data with the conformational changes induced in the enzyme-inhibitor complexes.
Scheme I
Where, E stands for free enzyme, I is free inhibitor, EI is a rapidly forming pre-equilibrium complex, and EI* is the final enzyme inhibitor complex. Alternately, E may undergo inter conversion into another form E* which binds to the inhibitor by a fast step, where k cf and k -cf stand for the rate constants for forward and backward reaction, respectively, for the conversion of the enzyme. The rate constants k, were calculated from the progress curves for each API concentrations and plotted against the inhibitor concentrations. The solid line indicates the best fit of the data obtained. Proteinase K (1 mM) was pre-incubated without ( ) or with API (0.5 mM) for 30 min ( ) or for 60 min ( ) in sodium-phosphate buffer, 0.05 M, pH 7.5, at 37 C. At the specified times indicated by the points, 5 l of the pre-incubated sample was removed, diluted 5000-fold in the same buffer, and was assayed for the proteolytic activity using casein (150 mg/ml). The rate constant associated with the regeneration of activity (k 6 ) was determined by estimating the absorption of the released products as described in the text. 
TABLE-I
Inhibition constants of API against Proteinase K
Values of rate constants for Proteinase K inhibition by API were calculated from Scheme I. IC 50 is from the inhibition profile, K i was determined from the steady-state time range for the competitive inhibition. k 6 is calculated from the regeneration assay, K i * and k 5 were determined from the equations as described in the text. 
Inhibition constants Values
IC
